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Abstract 
Environmental and operational variables and their impact on structural responses have been acknowledged as one of the most 
important challenges for the application of the ambient vibration-based damage identification in structures. The damage detection 
procedures may yield poor results, if the impacts of loading and environmental conditions of the structures are not considered. 
The reference-surface-based method, which is proposed in this paper, is addressed to overcome this problem. In the proposed 
method, meta-models are used to take into account significant effects of the environmental and operational variables. The use of 
the approximation models, allows the proposed method to simply handle multiple non-damaged variable effects simultaneously, 
which for other methods seems to be very complex. The inputs of the meta-model are the multiple non-damaged variables while 
the output is a damage indicator. The reference-surface-based method diminishes the effect of the non-damaged variables to the 
vibration based damage detection results. Hence, the structure condition that is assessed by using ambient vibration data at any 
time would be more reliable. Immediate reliable information regarding the structure condition is required to quickly respond to 
the event, by means to take necessary actions concerning the future use or further investigation of the structures, for instance 
shortly after extreme events such as earthquakes. The proposed damage identification method is applied to a numerical finite 
element model, which is a concrete filled beam bridge that is excited by an ICE train series. The train speed and ambient 
temperature are chosen as environmental and operational variables respectively. In addition to the natural frequencies, wavelet 
energy damage indicator is used. The results of the numerical study show that the proposed damage identification method is able 
to discriminate the damaged and undamaged scenarios of the bridge model. The results also show that the wavelet energy 
damage indicator is sensitive to small change of structure. However, it does not always have a monotonic trend with respect to 
damage severity. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Vibration-based approaches for Structural Health Monitoring (SHM) systems have become more popular in the 
last two decades as an alternative way for damage identification apart from periodic local inspection methods. An 
overview of the current status of vibration-based methods for SHM is briefly documented in [1,2]. New advances in 
system identification of mechanical structures allow the utilization of ambient vibration data for damage detection. 
The use of natural excitations through the output only data identification concept gives a great advantage for system 
identification of a large structure where the use of artificial excitations is often unpractical and expensive. 
It has been widely acknowledged that the surrounding condition of a structure has a significant influence on its 
vibration response. Ambient temperature and other environmental variables such as wind, humidity and moisture 
have significant effect on the changes of dynamics response. Hence, the abnormality that is recognized by observing 
the dynamic response becomes obscure whether it has been caused by damages or environmental effects only. The 
environmental and operational variables are often called non-damaged variables. 
This paper proposes an approach to handle multiple variables which describe environmental and operational 
conditions in vibration-based damage identification of structures by using the response surface methodology. The 
damage detection method was applied to a railway bridge which was excited by a passing train model. Temperature 
and train speed were chosen as non-damage variables while the wavelet energy damage indicator was used as 
damage indicator. 
2. Wavelet Energy Damage Indicator 
The wavelet transformation is a tool that decomposes data into different frequency components or scales. The 
wavelet transformation is able to perform local analysis of a measured signal and reveal some hidden aspects in it. 
Due to this capability, wavelet transformation can be applied in structural identification techniques. The theory of 
wavelet transform is described in literature e.g. [3,4,5].A discrete signal f(t) can be decomposed using the Fast 
Wavelet Transformation (FWT), 
݂ሺݔሻ ൌ σ ܥெǡ௞߮ெǡ௞௞א௓ ൅ σ σ ܦ௠ǡ௞ߖ௠ǡ௞௞א௓ெ௠ୀଵ  (1) 
where φ is the scaling function and ψ is the mother wavelet. Cm,n and Dm,n are approximation and detail 
coefficients, respectively, which are calculated using the following equations: 
ܥ௠ǡ௡ ൌ σ ܽ௞ିଶ௡௞א௓ ܥ௠ିଵǡ௞ǡܦ௠ǡ௡ ൌ σ ܾ௞ିଶ௡௞א௓ ܥ௠ିଵǡ௞ǡ (2) 
The FWT algorithm is based on the multiresolution analysis proposed by Stephane Mallat, [6]. The FWT 
algorithm has been implemented in SLang software Package [7] and was used in this study.In signal processing, the 
energy of a given signal x(t) is defined as: 
ܧ ൌ ׬ ȁݔሺݐሻȁଶ௧ ݀ݐ  (3) 
The wavelet applied here have an orthonormal basis. Therefore the concept of energy in signal processing can 
also be applied to the wavelet transform. Based on equation (1), the total energy of the signal decomposed up to 
level M can be calculated as: 
ߎ ൌ σ ʹெܥெǡ௞ଶ ൅σ σ ʹ௠ܦ௠ǡ௞ଶ௞ெ௠ୀଵ௞   (4) 
where C and D indicate the approximation and details part of the respective wavelet decomposition. 
3. Response Surface Methodology for Damage Identification 
The Response Surface Methodology (RSM) is a collection of statistical and mathematical techniques useful for 
developing, improving, and optimizing processes, [8]. It can be developed to study and explore the relationship 
between several independent variables and their contribution to the response variable. The history of RSM was 
started by the paper of Box and Wilson in 1951, [9]. At the beginning of its development, the RSM was used to 
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model the experimental responses, [10]. Later on, the approach was also applied in numerical or computer 
experiments. For instance, the RSM has been applied to optimize the high-speed civil transport, [11] while in 
[12,13] the RSM approach was used for reliability analyses.  
In this paper, the RSM is used to take into account the effects of environmental and operational conditions in 
vibration-based damage identification of structures. The RSM is used to build a so-called reference surface model, 
which is a mathematical model that describes the response (damage indicator value) of an undamaged structure for 
given environmental and operational conditions. The damage identification procedures are split into two phases, the 
learning phase and the monitoring or detection phase as will be elaborated in the following subsections. 
3.1. Learning Phase 
The learning phase is considered as the most critical part of the proposed damage detection method. It is 
commenced with an assumption there is no damage in structure. In this phase, the dynamic responses of a healthy 
structure in arbitrary environmental and operational conditions are collected. The collected dynamic responses are 
processed and converted into a damage indicator. The data relates the damage indicator to measured influence 
variables and forms a so-called reference surface model. The reference surface model describes an approximate 
response of a healthy structure in different environmental and operational conditions. 
The time interval for the learning phase should be long enough to cover all possible environmental or operational 
conditions. This can vary depending on the relevant environmental or operational variable. For instance, one year is 
approximately required to complete the learning phase if temperature effect is a concern. 
Several methods can be used to built reference surface models from scattered data. In this study polynomial 
regression and radial basis function approximation were used. 
3.2. Model Selection and Validation 
A response surface model is an approximation of the relationship between input and output variables. Many 
models can be built from the same data set. For instance, several models can be built using the polynomial 
regression method using different maximal polynomial orders and numbers of interaction terms. Accordingly, the 
approximation error may differ despite they use the same data. 
The coefficient of determination R2 is probably the most used parameter to evaluate the quality of an 
approximation model. It is basically representing the correlation between the observation data y and its 
approximation ݕො. The coefficient of determination R2 can be computed as 
ܴଶ ൌ  ௖௢௩
మሺ௬ǡ௬ොሻ
௩௔௥ሺ௬ሻǤ௩௔௥ሺ௬ොሻ  (5) 
A perfect model yields a value of R2 equal to 1. However, R2 ≥ 0.8 is usually considered as an indicator for good 
predictive capabilities of a surrogate model, [14]. Another way to assess the quality of the approximate model is by 
calculating the mean squared error (MSE) as: 
ܯܵܧ ൌ ଵ௡ σ ሺݕ௜ െ ݕො௜ሻ
ଶ௡
௜ୀଵ   (6) 
where n is the number of samples. Generally, it is also useful to have a visual understanding of the target and 
predicted value in order to choose the best model. However, only models with one or two input variables can be 
visualized by a plot. 
3.3. Monitoring Phase 
Damage detection is considered here as the determination of inconsistencies of a recent response compared to the 
undamaged condition response of the structure. For this purpose, a reference surface model can be used in the 
monitoring or damage detection phase. Thresholds have to be introduced to the reference surface model by 
considering the variation of the observation data, for instance due to measurement noise or excluded input variables. 
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The maximum and minimum thresholds are called upper bound and lower bound, respectively. The structure is 
declared undamaged if the following condition is fulfilled, 
ܴ௨ ൒ ܴ௔ ൒ ܴ௟  (7) 
ܴ௨ ൌ ܿ௧Ǥ ߪǢ ܴ௨ ൌ ܿ௕Ǥ ߪ  (8) 
where Ra is the response variable value of the reference surface model, ct and cb are coefficients that depend on 
the confidence interval, and σ is the prediction of standard deviation value. If the observation data has a symmetric 
distribution ct = cb = c, the damaged or undamaged condition can be expressed as 
ܦܫ ൌ  ȁோೌିோೠȁ௖ఙ   (9) 
where DI is the damage index. The structure is considered as damaged if the value of DI is greater than 1. 
4. Numerical Simulation Model 
The proposed damage detection method was applied to the finite element model of the Erfftal bridge, a high 
speed railway bridge on the line between Cologne and Brussels. The skewed bridge consists of two separated filler-
beam superstructures; each of these is subjected to support one track. However, only one track is loaded by a 
passing train in this simulation. This does not account for the scenario whereby two trains going in the opposite 
direction pass the bridge at the same time. The bridge has a span of 24.60 m and is 5.39 m wide. 
4.1. Description of the Finite Element Model 
The Finite Element (FE) model of the bridge was developed using the software package SLang (Structural 
Language), [7]. The orthotropic deck slab was modeled using shell elements and beam elements, representing the 
steel beam with I-section. Three dimensional (3D) spring elements were used to describe the stiffness of elastomeric 
bearing and the ballast, while beam elements were used to model sleepers and rails. The FE model used in this study 
is shown in Fig. 1 (a). 
 
 
(a)              (b) 
Fig 1. (a) Finite element model of the railway bridge; (b) Typical acceleration history of the train passage over the bridge. 
The dynamic simulation was carried out by applying the moving load concept. The contribution of the train-
bridge interaction was neglected to simplify the calculation. A series of point loads was applied and shifted each 
time step to excite the bridge. The collective load generated here represents an ICE-3 train model, one load for each 
wheel, which means 64 point loads were applied to the structure at time steps of 0.002 seconds. Possible effects due 
to rail-roughness and wheel irregularities were neglected for simplification. The dynamic acceleration were 
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calculated using Newmark method. The dynamic response of the structure was computed for 16 seconds. Typical 
acceleration responses for different train speeds in time domain is shown in Fig. 1(b). 
4.2. Effects of Environmental and Operational Conditions 
In this study, two non-damage-related influences on the structure were chosen, the change of ambient 
temperature and train speed which can be categorized as environmental and operational conditions, respectively. It 
was assumed that the temperature affects the stiffness of the elastomeric material of the bridge bearings. Full 
factorial design was used to generate training and validation data samples. 
The temperature effect was only assigned to the bridge supports while the effect to other elements was neglected. 
The temperature change was assigned to elastomeric bearing components by using the temperature - shear modulus 
curve, which was adopted from [15]. The curve was obtained from long term monitoring and model updating of a 
bridge similar to the one considered in this study. 
4.3. Wavelet energy reference surface 
Both, polynomial regression and radial basis function (RBF) approximation methods result in a good reference 
surface models for the first level wavelet decomposition energy (WE-1). Both methods yield a similar surface as 
shown in Fig. 2(a), where the mean square error (MSE) is less than 0.1 %. 
The performance of the polynomial regression method to approximate the higher level wavelet energy reference 
surface models (WE-3 to WE-8) drops drastically, since the reference surface model become more complex. The 
polynomial regression method is not able to generate reference surfaces with acceptable errors (MSE ≥ 0.1 \%). For 
instance, in the wavelet energy reference surface model levels 3 and 4 (WE-3 and WE-4), the reference surfaces that 
were generated using the polynomial regression method have a significant error at many support points. In this case, 
the polynomial regression method is not suitable to approximate higher decomposition level wavelet energy 
reference surface models. 
 
(a)      (b) 
Fig 2. (a) WE-1 RBF reference surface; (b) Error comparison of WE-1 models that is obtained using RBF and polynomial. 
4.4. Damage Detection 
The damage was simulated at one elastomeric bearing as indicated in Fig. 1(a). The stiffness of the damaged 
elastomeric bearing element was reduced up to 50 %. The maximal modification reduces the three lowest natural 
frequencies by only 0.3%.  
The damage detection using WE-3 RBF reference surface is illustrated in Fig. 3. The differences between the 
damaged and undamaged conditions at all damage detection points are quite clear. A change of up to 40 % is 
obvious at some damage detection points. In this numerical simulation model, the minimum change in the WE-3 is 
more than 2 %. Another interesting result in this particular case is that the damage indicator value of the damaged 
structure is higher than the undamaged structure in all damage detection points. In general, the wavelet energy of a 
damaged structure may be greater or less than the wavelet energy of healthy structures (reference surface models). 
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Fig 3. Detection phase of considered railway bridge model using wavelet energy response surface 
5. Conclusion 
The paper describes an approximation procedure of damage identification of structure in changing operational 
and environmental conditions. The results of the numerical study show that the proposed damage identification 
method is able to discriminate the damaged and undamaged scenarios of the bridge model. The results also show 
that the wavelet energy damage indicator is sensitive to small change of structure. However, it does not always have 
a monotonic trend with respect to damage severity. 
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